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ABSTRACT
In a laser-pumped x-ray free electron laser (FEL) an intense laser field replaces the magnetic wiggler field of a conventional FEL. Depending on the intensity and quality of both the electron beam and pump laser, the Thomson baekscattercd radiation can be coherently amplified. In a conventional FEL, the generation of x-rays requires electron beam energies in the multi-GeV range. In a laser-pumped x-ray FEL, electron beam energies in the multi-MeV range would be sufficient. To generate coherent x-rays with this mechanism, a number of physics and technology issues must be addressed. Foremost among these are the stringent requirements placed on the electron beam quality and brightness as well as the pump laser intensity and pulse energy. The seed radiation for the laser-pumped FEL is the laser-induced spontaneous radiation. The evolution of incoherent radiation into coherent radiation as well as the power gain lengths associated with the coherent x-rays as a function of electron beam energy spread are analyzed and discussed. There is excellent agreement between our analytical results and GENESIS simulations for the radiated power, gain length, conversion efficiency, line-width and saturation length. 
I. Introduction
The free-electron laser (FEL) can, in principle, generate coherent, polarized, short pulses of x-rays for numerous applications in research. There are a number of large-scale electron accelerator facilities throughout the world which will be used for x-ray generation using a conventional FEL configuration [1] [2] [3] [4] . In a conventional FEL the electron beam propagates through a static, periodic magnetic field (wiggler) which results in stimulated emission [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Generation of x-rays at these facilities typically requires electron beam energies in the multi-GeV range with peak currents in the multi-kA range, and wiggler lengths of many tens of meters. An x-ray FEL amplifier can be operated in the self-amplified regime, eliminating the need for a coherent input x-ray source [21] [22] [23] [24] [25] [26] .
In this case the FEL seed radiation is provided by spontaneous incoherent emission in the wiggler.
The wiggler field in the FEL can be replaced with an electromagnetic wave such as an intense laser field. Early analysis of stimulated emission from rel itivistic electrons interacting with an electromagnetic pump was presented and discussed in [27] . This analysis was limited to the low-gain, thermal beam regime. In this regime the power gain lengths are extremely long making the concept impractical. The high-gain regime of the electromagnetically pumped FEL was first analyzed and discussed in [28] . In this regime the power gain lengths can be very short. However, the requirements on the electron beam quality and the pump laser power are demanding, particularly for x-ray generation.
Since these early studies there have been a number of papers that have considered employing electromagnetic pumps in FELs [29] [30] [31] [32] .
In this paper we analyze and discuss a laser pumped FEL amplifier operating in the x-ray regime. The analysis considers i) electron beam thermal effects, ii) off-axis propagation and iii) the transition from incoherent (spontaneous) to coherent x-rays. The power gain length and the conversion efficiency are determined as functions of the electron beam energy spread. The radiation power as a function of interaction distance is obtained in both the incoherent and coherent regimes. The coherent power is emitted into a solid angle which is typically much greater than the solid angle associated with diffraction. For electron beams of sufficiently high quality, with energies of 7 MeV and peak currents of 500 A , we find that coherent x-rays at 15 A can be generated with power gain lengths of 500ju m, saturation lengths of 0.4cm and conversion efficiencies of ~ 0.01 %. To achieve these values the fractional electron beam energy spread must be < 0.01% . The pump laser for this example has a wavelength of lum , pulse duration of 27psec and power of 50TW . To compare our results with simulations we use the GENESIS FEL code [33] and find good agreement with our analytical results. We also compare our results and GENESIS simulations for the LCLS wiggler-based FEL operating at 15A.
II. High-Gain Regime
The laser pumped FEL is shown schematically in Fig. 1 The x ray radiation is given by the normalized vector potential
where X = 2xclco is the x-ray wavelength and k. is the complex axial wavenumber.
a) 3-D Thermal Beam Dispersion Relation
Thermal effects associated with the electron beam play a critical role in the FEL interaction. The FEL dispersion relation including thermal effects is [13, 15, 16] ,
where k ± is the transverse wavenumber, / is the filling factor, i. 
+ t/^, (5)
For a cold beam, with k L = 0 and (O -Q) R0 , we find k, = cole + Ak , where Ak = (1/V3 -j)r /2. The power growth rate as a function of co and k L is
where the peak growth rate is 1^,, = (5.07/y")\fva] l{rf A 0 )) , the power gain length is L go -1 / r^, and the line width associated with the power growth rate is
As an example, the power gain length for x-rays at "k = 15 A is shown in Fig. 2 for a cold electron beam as a function of beam current. The parameters for this plot are listed in Table I .
ii) Thermal Beam
For a thermal electron beam with distribution function
F.X7) -(-Jx oyy 1 exp(-(y -y o f iSy
2 ) the dispersion relation for k ± = 0 is
where dyl y 0 is the fractional energy spread. The dispersion relation can be written in The thermal dispersion relation can be analyzed in various limits.
In the thermal beam limit |£ + £,| < 1 the dispersion relation, reduces to [15] 
where Z(|£| < 1) = /V#exp(-£ 2 ). For 1>|£,|»|£| the imaginary part of £ is
where /?" «1. The maximum growth rate occurs at
and is given by [15, 27] 
where T g0 = (5.01 ly o )\fvall{r£ A 0 ) j is the cold beam power growth rate and the thermal growth rate is inversely proportional to the square of the energy spread. The power growth rate at resonance (g 0 = 0) in the thermal beam limit is
In the extreme thermal limit |£] « 1 the power growth rate at resonance is given by r,/r g0 = 5.2xW\X 0 Tj''{yjSff.
o Figure 3 plots the normalized growth rate for x-rays at A = 15 A as a function of relative electron beam energy spread and detuning for the parameters listed in Table I . Figure 3 shows that as the energy spread of the beam is increased up to Syl y o -5x10"*, the FEL interaction can be detuned to increase the growth rate relative to the resonant growth rate. For a given energy spread, the optimal detuning, i.e., maximum growth rate, occurs when the difference between the beam velocity and the phase velocity of the wave is equal to the thermal velocity spread of the beam. For dyl y o > 5x KT 4 , the growth rate is vanishingly small regardless of detuning.
b) X-Ray Conversion Efficiency
The saturated coherent power is P cohsat = T]N h y n mc 2 1r h , where TJ = P coh sal I P h is the conversion efficiency and P h = N h y"mc 2 lt h =vy o mc i I r e is the electron beam power. The conversion efficiency in the cold beam limit can be obtained by considering the difference between the electron beam energy before and after trapping in the ponderomotive potential [17] . The efficiency at saturation is
, where ji ph is the normalized axial phase velocity of the ponderomotive wave. From the dispersion relation the phase velocity is found to be
The conversion efficiency at saturation, for k x = 0, is [17] 77 = 0.023(V Lj.
The x-ray conversion efficiency plotted as a function of beam current is shown in Fig. 4 for a cold electron beam along with results from GENESIS simulations. The parameters for this plot are listed in Table I . There is good agreement between theory and simulations.
c) Validity of Classical Description
The classical description is valid if the electron momentum recoil is somewhat less than the electron thermal momentum spread. In the beam frame (indicated by a prime on the variables) this condition is hk' « mAv' and in the laboratory frame it can be written as [34] 2/ 0 'A^
Vl 
e) Radiation Solid Angle
The transition from spontaneous to coherent radiation is critically dependent on the angular distribution of the waves. Waves with finite k ± have a propagation angle 6 k = k x lk z with respect to the z axis. The peak growth rate is independent of k L for waves propagating in the near-forward direction as indicated in Eq.(6). However, as k ± increases the resonant frequency co = co R {k L ) decreases as indicated schematically in Other processes, such as the electron transverse wiggle and betatron oscillations, can also limit the range of transverse wavenumbers.
The solid angle associated with the radiation beam is A£l k = 7c8l %ma where &k max ~ ^1 max ^z • The spontaneous (incoherent) radiation is directed into a forward cone with angle 0 incoh ~ \ly zo [36] which is typically much greater than 0 kma% . In the start-up regime the propagation angle 6 k max determines the portion of the spontaneous power that is within the gain spectrum and amplified as shown schematically in Fig.5 .
HI. Transition from Incoherent to Coherent Radiation
The discrete nature of the electron beam interacting with the pump laser field leads to the generation of spontaneous (incoherent) radiation that can be subsequently amplified [21] [22] [23] [24] [25] [26] . During amplification, however, there is an increase in the coherence of the radiation. 
J(x,y,z,t) = qY, ^i(f)S(x-x,(t))S(y-y,{t))S(z-z,(t))
= J,"*(M) + <?£ v 1 ( " ) (r",v",/)^(r-i-"' , (r)),(17)
The function D(k,Q)) is given by
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where K l =K(k"a))=(co-a) (> )/v z -(k l +kJ=[a)-a) R0 (\-f zo c 2 k[l^0)]/(2c^").and
G(k l ,k ± ,ca) = ((k l +k o H(0-c l }J/v zo ) 2 )/(k l -k 2 (k 1 ,Q)))(k l -k i (k 1 ,0))).
The intensity is given by I(r,z,t) = (c/2K)(E(r,z,t)E*(r,z,t)) where ( )
denotes an average over electrons. If the electrons are initially randomly distributed, we use the fact that ( 2] ex P('/lf«., )X ex P(~'/£ M )) = N h and obtain 1 ft
where we have set z = z • The spectral power, defined by
T h 0 is given by 
and
The ratio of the linewidths is So) mh i' S(D inc(lh -(1/n)Jzl' L gn which implies that for interaction distances less than ~ 10L , the coherent power spectrum is narrower than the spontaneous spectrum. For z> L , we find that |exp(/#, z/2)| sin(tf, z/2)/(AT,z/2) = (2L go /z) 2 , and the coherent power spectral brightness in Eq. (23) is
where we used G(&, fc^tt)) = 1/9, i.e., 1/9 of the incoherent power is available for gain.
Using the power growth rate spectrum in Eq. (6) 
The coherent power in Eq.(30) will be compared with GENESIS simulations in the x-ray regime.
For interaction distances much greater than a Rayleigh length, but shorter than the saturation length, L mt > z» Z R the propagation angle is equal to the diffraction angle,
i.e., 6 k = 6 D and the coherent power from Eq. (30) becomes
where
is the conversion efficiency and / is the filling factor. The coherent power in this limit, Eq. (31) is similar in form to that given in [21, 23, 24] . The ratio of the coherent power to the incoherent power for the same solid angle and for z > L is
c) Saturation Length and Line Width
The saturation length for the coherent radiation can be obtained by setting P coh in Eq.(30) equal to the conversion efficiency times the electron beam power, TjP h , where rj is given by Eq.(l 3). The number of power gain lengths at saturation, N ml = L ml l L , is given by
The fractional line width associated with the coherent radiation, for k ± ~ 0, at saturation is &>«* = jy-l/2
A <° = N~s « 2 K ^ (34) There is an additional contribution to the line width due to the finite transverse wavenumber, k x , spectrum which is given by y^dl, as indicated in Eq.(4).
IV. Comparison of Theory with Simulations
In this section we compare the analytical result for the coherent power, Eq. (30), with the simulation results from GENESIS [33] . GENESIS simulates the conventional wiggler based FEL amplifier, including start-up. In using GENESIS to stimulate the laser pumped FEL, the wiggler period in GENESIS is set equal to twice the pump laser wavelength A^ = X n l2 = 0.5//m , and the wiggler transverse gradients are removed.
Besides GENESIS there are other FEL simulation codes that can be used to simulate the FEL start-up physics [37] . Before discussing an example of an x-ray laser pumped FEL it is useful to consider the application of the theory to a conventional FEL operating in the x-ray regime. For this comparison we use the Linac Coherent Light Source (LCLS)
a) Wiggler based X-Ray FEL
The parameters of the LCLS FEL operating at 15 A are given in Table II . In the GENESIS simulations we use a circularly polarized wiggler and a cold electron beam to make a comparison with theory. The wiggler strength parameter is therefore smaller by a factor of V2 than the actual value used in the original LCLS design [1] . Figure 6 In this example the required relative electron beam energy spread is < 0.01 % .
Higher electron beam energy spreads would substantially reduce the lasing efficiency and limit the growth of coherent x-ray power. This example indicates the stringent requirements placed on both the electron beam and pump laser.
V. Conclusions
We have analyzed a high-gain, laser pumped, x-ray FEL amplifier. The analysis includes i) electron beam thermal effects, ii) off-axis propagation and iii) the transition from incoherent to coherent x-rays. The power gain length, saturation length, line-width and conversion efficiency have been calculated for the laser pumped FEL. We find there is good agreement between our theoretical results and GENESIS simulations. For electron beams of sufficiently high quality, with energies of 7 MeV and currents of 500 A , we find that coherent x-rays at 15 A can be generated with power gain lengths of 500//m, saturation lengths of 0.4cm and conversion efficiencies of 0.01 %. To achieve these values the fractional electron beam energy spread must be < 0.01% . The pump laser energy per pulse is ~ 500 J. While such a coherent x-ray source would have a number of attractive features, the requirements placed on both the electron beam and pump laser are challenging. 
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